specific cellular functions is the evolutionary retention of orthologous proteins that are responsible for selected functions. Therefore, the tendency to evolutionarily conserve the protein components of topologically distinct motifs could provide strong evidence for their importance and involvement in the definition of specific biological functions.
To test the correlation between a protein's evolutionary rate and the structure of the motif it is embedded in, we first identified all two to four-node, and some of the five-node motifs in the protein interaction network of S. cerevisiae utilizing the DIP protein interaction database 9 . Although the quality of two-hybrid results, supplying the core of the data, is a matter of debate 10 , the manually curated DIP database represents our current best approximation for yeast protein interactions, providing sufficient data for their unambiguous statistical analyses (see the Supplementary Note for details). We find that the network of 3,183 interacting yeast proteins encodes between 10 3 to 10 6 copies of the specific motif types (Table 1) .
If there is indeed an evolutionary pressure to maintain specific motifs, their components should be evolutionarily conserved, having an identifiable ortholog in other organisms. To test this hypothesis, we studied the conservation of the S. cerevisiae proteins by identifying a list of 678 proteins that have an ortholog in each of the five higher eukaryotes we use in our study, as deposited in the InParanoid database 11 . We find significant differences between the conservation rate of proteins within the different motifs: while less than 5% of the linear three node motifs (#2, Table 1 ) are completely maintained (i.e., all three component proteins have an ortholog), 47% of the fully connected pentagons are completely conserved across each of the other five eukaryotes (#11, Table 1 ).
These results indicate that the orthologs are not randomly distributed in the yeast protein interaction network, but are the building blocks of cohesive motifs, which tend to be evolutionary conserved. We need, however, to test the validity of this finding against a random set of orthologs. If the same number of orthologs were randomly placed on the yeast protein interaction network, mimicking the absence of correlations between the network topology and the ortholog position, the motif conservation observed above should disappear. Indeed, we find that motifs under such random ortholog distribution (see Methods) display a trend opposite to that observed for the original non-random system: the larger the motif, the smaller is the likelihood that each of its components is conserved (Table 1) . For example, while 4.6% of the randomized two node motifs (#1) are retained with randomized orthologs, this fraction is only 1.01% for the triangle (#3) -, 0.08% for the fully connected square (#9) -, and 0.02% for the fully connected pentagon motifs (#11).
The influence of the global network topology on the retention rate of specific local motifs is best quantified by calculating the ratio between the real-and the random conservation rate. We find that for each motif this conservation ratio is bigger than one, and increases significantly for larger motifs. Indeed, while for the two node motifs (#2) the conservation ratio is 2.94, for the larger fully connected motifs, such as the triangle-(#3), and square motifs (#9) it increases to 20.28, and 422.78, respectively. Moreover, the conservation rate of proteins participating in fully connected pentagon motifs is 2,256 times higher than expected if the network topology does not influence the natural placement of orthologs (#11, Table 1 ).
We also observe that larger motifs have a tendency to be conserved as a whole, each of their components having an ortholog. For example, less than 1% of the fully-connected pentagon motifs disappear completely, such that none of their protein components are conserved in other eukaryotes, and less than 2% of such pentagons have only one conserved protein (Fig. 1b) . In contrast, for 69% of the fully-connected pentagons each of the subunits has an ortholog in humans. A similar trend toward complete conservation of larger motifs is observed for each of the five higher eukaryotes (Fig. 1a,b) . In general, with increasing number of nodes within a motif and number of links among its constituents, the evolutionary retention of the constituent proteins is increasingly complete. In particular, we observe a clear correlation between the conservation rate and the motif's degree of saturation. Considering the four-nodes motifs, the more intraconnected ones (# 8, 9, Table   1 ) have a much higher conservation rate than their less intraconnected counterparts (#4, 5, 6, 7, Table 1 ). Overall, these exceptionally high conservation rates strongly suggest that participation within motifs significantly influences the evolutionary conservation of their specific components.
To examine the relationship between the network's local interconnectedness and the protein components' retention rate, we also measured the correlation between the clustering coefficient and the conservation rate of the interacting proteins (Fig. 1c) . The clustering coefficient is high (C i = 1) in a highly cohesive region of the network if all neighbors of a protein i have links to each other, and is small (C i = 0) if the network is locally sparse 12, 13 .
As Fig. 1c indicates, 65% (C = 0) to 84% (C = 1) of neighbors of a human ortholog are also human orthologs, the conservation rate increasing with the neighborhood's cohesiveness. In contrast, the conserved fraction of the non-orthologous protein's neighborhood is significantly smaller, decreasing from 40% (C = 0) to 20% (C = 1) (Fig. 1c) . Therefore, groups of proteins forming a highly interlinked cluster tend to be (non)conserved in a cohesive group if they represent an evolutionary (non)conserved functional module.
Motifs and the clustering coefficient probe the network's small-scale properties, addressing the influence of a protein's immediate neighbors on its conservation rate. Yet, the proposed hierarchical modularity of metabolic- 13 and protein interaction networks 14 ,
suggests that highly interconnected motifs may combine into larger, less cohesive modules. To examine if the specific function of the yeast proteins within motifs affects their rate of evolutionary conservation we assigned each motif to the functional class to which all of its protein components belong, utilizing the classification of the MIPS database 15 . The results indicate that larger motifs display a remarkable functional homogeneity. Indeed, for 95% of those fully connected yeast pentagon motifs (#11) whose proteins have an ortholog in each of the five higher eukaryotes all components share at least one common functional class. In contrast, only 10% of the two node motifs (#1) are functionally homogenous. We identified the type and number of evolutionary fully conserved motifs of each functional class in S. cerevisiae, limiting our study to those proteins that have an ortholog in humans.
The ratio of the number of motifs identified for the natural-and random ortholog distribution indicates significant, functional class dependent differences between the evolutionary conservation of motifs (Table 2 ). For instance, we find that in three functional Further studies on the evolutionary conservation of topological modules and motifs would benefit from the simultaneous study of the retention rate of both nodes (e.g., proteins) and the links (interactions) among them. As among all eukaryotes protein interactions are available systematically only for S. cerevisiae our study is limited to the orthologous retention of the protein components of selected motifs. The high retention rate of many of the constituents of highly connected motifs ( Table 1 ) strongly suggest that the interactions between the proteins of these motifs may be preserved in other organisms, a hypothesis that could be confirmed once protein interaction databases are established for other eukaryotic species.
Previous results suggest that the evolutionary rate of a protein correlates with the protein's essentiality and individual fitness [16] [17] [18] and its level of interactions with other proteins 19 , but the quantitative correlations supporting some of these hypotheses were occasionally questioned 16, 20, 21 . As these hypotheses aim to relate the properties of cellular components to their evolutionary rate, the contradictory nature of some of these conclusions might have biological origins. Natural selection is expected to preserve components only to the degree they contribute to conserved cellular functions. Yet, a given biological function can be rarely assigned to a single protein, gene or metabolite, but emerges from the interaction of many separate components forming distinct functional modules 4, 5, 22 . Thus, the uncovered motif conservation may represent the network equivalent of domain and residue conservation in protein sequences. Our results indicate that understanding the evolutionary rate of single proteins must address the need to evolutionary preserve the specific functional modules, and the topologic features of the network their respective proteins are embedded in. In agreement with this hypothesis, we find that the conservation rate of motif constituents is increased by factors that range from tens to thousands, an enhancement that is clearly unparalleled in measurements focusing on the evolutionary rate of single components.
METHODS:
Databases: For a list of experimentally detected protein-protein interactions in S. cerevisiae we used the manually curated DIP database 9 Fig. 1 . For the data presented in Table 1 and 2, we identified 678 yeast proteins, which have an ortholog in each of the five higher organisms, representing the cross-section of the orthologous sets derived for the five organisms.
Random ortholog distribution:
As a negative control set, we selected 678 proteins randomly on the yeast protein interaction network, assigned them as random orthologs and determined again the number of specific yeast motifs that are fully conserved (i.e., each of their components belong to the random ortholog set). The random conservation rate of a motif with n proteins is well approximated by p n , where p is the probability that a protein has an ortholog across all five higher eukaryotes, given by p = 678/3128 = 0.216. Indeed, p n gives 4.6%, 1.01%, 0.22% and 0.047% for the two, three, four and five node motifs, respectively, in agreement with the numbers shown in Table 1 for the random conservation rate. Clustering: To characterize the degree of clustering in the network (Fig. 1c) If the topology of motifs does not interfere with the conservation rate of its constituting proteins, a random ortholog distribution should give the same conservation rate for specific motifs as seen in the natural sample (see Methods). The random conservation rate therefore denotes the fraction of motifs which are found to be fully conserved for the random ortholog distribution. The last column denotes the ratio between the natural and the random conservation ratios, indicating that all motifs are highly conserved, some (for example #11) having a natural conservation rate 2,256 times higher than expected in the absence of correlations between protein conservation rate and the topology of a given motif.
Enrichment of Orthologous Proteins

Functional class Overrepresented motifs
Transport facilitation (10) Subcellular localization (21) We determined the number of motifs for the subnetworks defined by proteins belonging to a specific functional class, as well as the number of these motifs (µ h ) that are fully conserved in humans. Finally, for 100 randomized human orthologous sets we determined the average number of motifs (µ r ) in the random ortholog samples and the standart deviation (σ r ) for each motif. The table lists all motifs that are at least ten times overrepresented compared to a random configuration (Z > 10, see Methods), the specific Z values being shown next to the motifs. We did not find overrepresented motifs for the classes of transposable elements, energy, cellular fate, cellular communication, cellular rescue, cellular organization, metabolism, protein activity, protein binding and proteins which are not classified yet or classified unclearly. Note, that if all proteins of a given motif simultaneously belong to more than one functional class, the motif will also appear in multiple functional classes. 
